The electronic and magnetic properties of the graphene/Eu/Ni(111) intercalation-like system are studied in the framework of the GGA+U approach with dispersive interactions taken into account. Intercalation of monoatomic Eu layer underneath graphene on Ni(111) leads to the drastic changes of the electronic structure of graphene compared to free-standing graphene as well as graphene/Ni(111). The strong influence of the spin-polarized Eu 4 f states, crossing the graphene-derived π states, on magnetic properties of graphene and on spin-filtering properties of the graphene/Eu/Ni(111) trilayer is discussed.
I. INTRODUCTION
like "strongly" bonded to the substrate due to the strong intermixing of graphene π and Ni (or Fe) 3d valence band states and the linear dispersion of π states is fully destroyed. However, the linear dispersion can be restored and the interaction between graphene and substrate can be weakened upon intercalation of different metals, like Al or noble metals [9] [10] [11] [12] [13] [14] [15] . Surprisingly, not many works exist, which deal with the interface between graphene and 4 f rare earth (RE) metals 16, 17 , although RE graphite intercalation compound (GICs) were in focus during last two decades [18] [19] [20] [21] because of the interest to the superconductivity of YbC 6 22-25 . In order to fill this niche we make a first step in this direction where Eu(6s 2 4 f 7 ) single layer is placed in-between graphene and Ni(111). Here we present the systematic DFT studies of the electronic and magnetic properties of the graphene/Eu/Ni(111) intercalation-like system. We found that graphene in this system is strongly n-doped and behaviour of its π states around the Dirac cone is strongly influenced by the Eu 4 f states demonstrating for spin-up electrons a strong hybridisation between valence band states of graphene and Eu. The linear dispersion of the graphene π states is conserved for spin-down electrons. Perspectives of application of such interface in possible spin-filtering devices are discussed.
II. THEORETICAL AND COMPUTATIONAL DETAILS
The DFT calculations were carried out using the projector augmented wave method 26 , a plane wave basis set and the generalized gradient approximation as parameterized by Perdew et al.
(PBE) 27 , as implemented in the VASP program (v. 5.2.12) 28 . The plane wave kinetic energy cutoff was set to 500 eV. The nuclei and core electrons are represented by frozen cores and PAW potentials, leaving the C 2s2p, Ni 3d4s, and Eu 5s5p5 f 6s electrons treated as valence electrons.The strong local Coulomb interaction of the Eu 4 f electrons is accounted for within the DFT+U approach with the Coulomb parameters of U = 7 eV and J = 1 eV that are known to be well suited to describe rare earth systems 29, 30 . The long-range van der Waals interactions were accounted for by means of a DFT-D2 approach proposed by Grimme 31 . The studied system is modelled using a supercell, which has a ( √ 3 × √ 3)R30 • overstructure with respect to the unit cell of graphene 
III. RESULTS AND DISCUSSION
The widely accepted structure of graphene/Ni(111) is when carbon atoms are arranged in the so-called top-fcc configuration on Ni(111) 33 Fig. 1(a,b) , respectively. Here, the distance between graphene layer and underlying Eu is 2.57Å that places the graphene/Eu/Ni(111) between "strongly" and "weakly" interacting graphene-metal interfaces.
Intercalation of Eu underneath graphene on Ni(111) leads to the strong modification of the electronic structure of graphene. The details of such analysis will be presented in our future publications.
The effect of hybridisation between graphene π and Eu 4 f valence band states is clearly visible in the difference electron density map shown in Fig. 1(b) . Here the formation of the hybrid states involving graphene π and Eu 4 f electrons is visible [due to the symmetry of the system, the 4 f orbitals having projections on the z-axis (excluding 4 f z 3 ) are involved in the formation of these states].
As mentioned earlier, the Eu layer is strongly spin polarised due to the contact with the underlying Ni(111) substrate. The effect of hybridization between π and 4 f states (as well as proximity effect 38 ) might lead to the appearance of the magnetic moment on carbon atoms. In fact, the cal- Fig. 3(c,d) 37 .
IV. CONCLUSION
We performed DFT studies (GGA+U including long-range dispersive corrections) of the intercalation-like graphene/Eu/Ni(111) system. We found that intercalation of monolayer of Eu leads to the decoupling of the graphene electronic states from those of the substrate. Graphene is strongly n-doped in this system and hybridization between graphene π states and Eu 4 f states is found in the energy range below Dirac point. This hybridization leads to the lifting of the degeneracy between two carbon atoms in the graphene unit cell that can be detected in the microscopic and spectroscopic experiments, which are proposed and discussed. The different band gaps for the spin-up and spin-down channels in the electronic structure of graphene open perspectives for the application of this system in the future spintronic devices where spin-transport properties of graphene can be tuned by the external electric field. symmetry. Small, middle, and large color spheres correspond to carbon, Ni, and Eu atoms, respectively. In (a) small and large rhombuses mark unit cells of gr/Ni(111) and gr/Eu/Ni(111), correspondingly. In (b) the structure of the system is overlaid with the calculated difference electron density, ∆ρ(r) = ρ gr/Eu/Ni(111) (r) − ρ Ni(111) (r) − ρ Eu (r) − ρ gr (r) (red -accumulation, blue -depletion of the electron density).
